Electronic and physico-chemical properties of nanometric boron delta-doped diamond structures.
Heavily boron doped diamond epilayers with thicknesses ranging from 40 to less than 2 nm and buried between nominally undoped thicker layers have been grown in two different reactors. Two types of [100]-oriented single crystal diamond substrates were used after being characterized by X-ray white beam topography. The chemical composition and thickness of these so-called delta-doped structures have been studied by secondary ion mass spectrometry, transmission electron microscopy and spectroscopic ellipsometry. Temperature-dependent Hall effect and four probe resistivity measurements have been performed on mesa-patterned Hall bars. The temperature dependence of the hole sheet carrier density and mobility has been investigated over a broad temperature range (6 K < T < 450 K). Depending on the sample, metallic or non-metallic behavior was observed. A hopping conduction mechanism with an anomalous hopping exponent was detected in the non-metallic samples. All metallic delta-doped layers exhibited the same mobility value, around 3.6 ± 0.8 cm 2 /Vs, independently of the layer thickness and the substrate type. Comparison with previously published data and theoretical calculations showed that scattering by ionized impurities explained only partially this low common value. None of the delta-layers showed any sign of confinement-induced mobility enhancement, even for thicknesses lower than 2 nm. a) Electronic mail: gauthier.chicot@neel.cnrs.fr b) Electronic mail: julien.pernot@neel.cnrs.fr
I. INTRODUCTION
The high breakdown electric field of diamond, its large carrier mobility and its exceptional thermal conductivity make it the ultimate semiconductor for high power and high frequency electronics. These features and the important progress that has been made recently in the fields of substrate fabrication, epilayer growth and doping control should in principle allow the development of new low loss electric switches 1 . However, the main problem for efficient power devices fabrication remains the large ionization energies of the doping impurities : 380 meV for the boron acceptor 2,3 and 570 meV for the phosphorus donor 4 . The high ionization threshold of the boron p-type 2,3 results in a very low equilibrium carrier concentration at room temperature and thus in a very high material resistivity. Boron delta-doping 5, 6 has been proposed to overcome this problem, i.e. introducing a highly doped layer (metallic with Nextnano 3 sofware developed by Walter Schottky Institute 8, 9 . Hole effective masses given in Ref. 10 were used for calculations: heavy holes mass m * hh = 0.588 m 0 , light holes mass m * lh = 0.303 m 0 and spin orbit split holes mass m * so = 0.394 m 0 . In the case of the 5 nm and 20 nm thick delta-layers, 4 and 13 energy states corresponding to the heavy holes valence bands were respectively populated, far above the 3 first energy states plotted on Fig. 1 . In addition, energy states corresponding to the two other valence sub-bands were also populated, but they are not plotted here, for the sake of clarity. To illustrate this, the densities of states (DOS) taking into account the three valences bands are plotted in figure   2 . It can clearly be seen that for the thinnest layer, the DOS are step-like which is typical of 2D system, while for the widest layer (20 nm) , as several levels are populated, the DOS begins to be similar to the one of a 3D system (DOS ∝ √ E as represented by the grey curve The temperature dependence of the hole sheet density and mobility are described and analyzed in section IV, separating the samples into two categories : metallic and non metallic.
In section (V) the experimental values of mobility are discussed further, before concluding remarks are given in section VI.
II. EXPERIMENTAL DETAILS

A. SAMPLES DESCRIPTION AND GROWTH DETAILS
Because of the nanometer-scale thickness of the delta-doped layers, particular attention was paid to the surface preparation of the commercial single crystal diamond substrates which had been grown at high pressure and high temperature (HPHT). Although quite successful in yielding subnanometer roughness 19, 20 , the ion-implantation-related methods developed for that purpose did not deliver a surface upon which a suitably smooth epitaxial regrowth could be observed, probably because of the implantation-related residual defects.
More traditional commercially available ultrapolishing methods 21, 22 giving 0.2 to 0.6 nm rms were employed. The process is known only in one case 21 Twelve boron doped samples were grown by MPCVD. Samples #1 to #9 were grown on a modified vertical silica tube (so-called "NIRIM-type") reactor, where the volume was reduced and an ultra-fast gas switching system implemented. A well-controlled in situ plasma etch process was also developed 26 . Sample #10 was grown in an all-metal reactor where a silica gas injector had been introduced in the vicinity of the sample surface to add suddenly Trimethylboron molecules in the gas mixture 27, 28 . An injection time of 90 seconds was used to grow a thin p ++ layer. The reproducibility of this process was previously reported in ref. 29 as well as the stability of the plasma ball. The injector was sufficiently far from the plasma ball not to be etched but close enough to allow a quick change of the growth NiD conditions for each sample grown in the NIRIM-type reactor are given in They were then covered by a thin cap layer grown in the same gas mixture and under the same conditions as the initial buffer layer. Note that the plasma was kept on throughout the whole process, as described elsewhere 26 Two samples #TdL1 and #TdL2, composed of two delta-layers each, were also grown in the same reactor as sample #2 to #9. One (#TdL1) was dedicated to TEM measurements while the other was intended for SIMS analysis. These two-delta-layers structures were identical, except for the thickness of the NiD spacers. A thicker cap layer was grown for the sample intended for TEM analysis. The two delta-layers of each TdL, were grown using the same recipe as samples #2 to #9 before being etched in situ, under the NiD growth conditions given in table I. The same p ++ growth duration was used for both samples, but the etching times differed in order to obtain two different p ++ thicknesses.
B. PHYSICO-CHEMICAL CHARACTERIZATIONS
SIMS measurements were performed using O + 2 as primary ions at 1 keV and Cs + at 15 keV in a Cameca ims 7f system, with collection of the negative secondary 11 
III. GROWTH RATE AND THICKNESS EVALUATION
In order to fabricate very thin delta-layers, the growth and etch rates must both be known. For the different plasma mixtures used in this work, these rates were evaluated using ellipsometry, and in some cases, SIMS as reported in table II. As suggested in a previous work 26 , it has been found that the 2000 sccm H 2 rinsing step was also an etching step with a non negligible etching rate. Typical nanometric scale delta layers were introduced in sample #TdL1 and #TdL2. The thinner delta layer labeled α was etched for a longer time than the layer labeled β. nm, the doping transition sharpness of the profile is shown here to be in the same size range.
Moreover, the ground of the profile was not reached. This means that the real thickness is probably even lower than that deduced above. Note that here a quantitative boron doping profile deduced from such profiles, as recently published using a STEM-HAADF based method 30 , was not derived as this ground value of the profile was not reached so that the inferred doping maximum value would be erroneous. An alternative would be to use atomic resolution STEM-HAADF with a much lower beam spot size, but the difficulties in preparing sufficiently thin FIB-mchined lamella without any amorphization prevented us from obtaining the required atomic contrasts. Indeed, as carbon is a relatively light material, the ion beam spreading inside the material during the high energy bombardment of the sample preparation induces a relatively thick superficial damage layer, even when using last cleaning steps at 1 keV. Similar preparations on Si samples or on metal contact on diamond resulted in clearer high resolution TEM (HREM) observations that showed a transition from atomic related contrasts in the metallic contact to amorphous-like in the diamond.
A SIMS profile of sample #TdL2 where the two delta layers were grown under the same conditions as #TdL1 is shown in Fig. 7 (b To be more accurate, SIMS analysis should be performed with lower energy primary ions 14 such as those shown in Fig. 7 (b) . Unfortunately, the DRF was not determined for such conditions. Indeed, one of the interesting properties of boron doped diamond is the evolution from a semiconductor to a metal when increasing the boron level above the critical concentration N crit = 5×10 20 cm −3 which was determined for thick epilayers 35 . In the following, it will be assumed that the boron ionization energy E a decreased following the same trend as in thick
A. NON METALLIC DELTA LAYERS
As shown in Fig. 9 , the sheet resistance of samples #6 and #10 was larger than 10 8 Ω for T < 30 K and increased with decreasing temperature. The delta layer of sample #6 is expected to be very thin because of a longer in-situ etch step after p ++ layer growth as and (c). As the concentration of impurities increases (here boron atoms) the impurity band starts to vanish and join the valence band, forming what it is called a valence band tail 38 .
In the case of a heavily doped diamond (above the MIT) the Fermi level lies in the valence band (extended states). In the case of samples #6 and #10 where the boron concentration seems to be below the N crit of the MIT, the Fermi level could be localized in the valence band tail, below the "mobility edge", in an energy range where the mobility is known to be very low compared to that in the valence band 39 .
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In fact, the mobility values of samples #6 and #10 are far smaller than the already low 3.6 cm 2 /V.s value measured for metallic samples (with Fermi level in the extended sates) which is described in the next section. At 200K, µ ∼ 0.3 cm 2 /V.s. Recently, such low mobility values (0.01 cm 2 /V.s to 0.1cm 2 /V.s) with comparable sheet carrier densities (2 to 4×10 13 cm −2 ) were reported 13 for delta layers where the conduction was demonstrated to occur by a variable range hopping mechanism (with a hopping exponent of 1/4). In our case a conventional hopping exponent such as x=1, x=1/4 or x=1/2 was not found, so that a clear determination of the hopping type (respectively nearest-neighbour, Mott or Efros-Shklovskii variable range hopping) was not possible 40 . An anomalous dependence of R S on temperature with x=0.7 (see the inset of figure 10 ) was found for samples #6 and #10. A hopping exponent of ≃ 0.7 has already been observed in ultrathin films [41] [42] [43] [44] but its origin was not fully understood. According to Ref. 45 , it may be a particular case of Efros-Shklovskii variable range hopping in the case of a thin insulating layer with a high dielectric constant embedded between two insulating layers with much lower dielectric constant. In our case, this hopping mechanism with x=0.7 was observed in two samples grown in different types of reactors by using two different growth techniques. The fits using Eq. 1 plotted on figure 10 give T 0 =780 K and T 0 =540 K for #6 and #10 respectively. 
Localization
Samples #2, #5, #7 with higher R S show the same behavior as samples #3 and #4 for and 50 kΩ for sample #7. While this finite conductivity extrapolated to low temperature seems to indicate a metallic character, the corresponding high sheet resistance values lead us to suspect that measurements performed below 4 K might reveal an insulating behavior.
Inhomogeneity and current paths
Sample #8, could be assumed to be metallic as it was grown using the same process than Two different Hall bars of the same size were investigated by four probe and Hall effect on sample #5 (see #5 HB1 and #5 HB2 on Fig. 9 ). The same behaviour and same electrical parameter values were found over the whole temperature range. In addition, the sheet resistance was investigated at 300 K on Hall bars of different sizes on sample #7 and #8 which were expected to involve the same delta structures (same growth conditions) but on two different types of substrates : IIa (100) and Ib (100). As could be expected, no differences between variable Hall bar sizes were observed for the sheet resistance values.
However, the distribution of sheet resistance values over the whole sample surface was more homogeneous on sample #7 (R S varying from 11 kΩ to 12 kΩ) than on sample #8 (R S from 7 kΩ to 12 kΩ). This non homogeneity in sample #8 is not related to the Hall bar size, but seems to depend on the topography. In fact, as illustrated in Fig. 3 , the surface of the substrate used for sample #8 was far less homogeneous and had more defects and growth sectors than that of sample #7 (type IIa). Hall effect measurements on sample #8
show a metallic behavior with a sheet resistance of 12 kΩ and a mobility of 3.1 cm 2 /V.s.
As already mentioned, the same value of mobility (∼ 3 cm 2 /V.s for 50 K < T < 450 K)
was measured on all samples showing metallic behavior. Consequently, it is highly probable that the Hall bars of sample #8 where the sheet resistance was measured at value below 12 kΩ also have a metallic behavior with the typical ∼ 3 cm 2 /V.s mobility value at 300K. The inhomogeneity is related to the local variation of the sheet carrier density, which should be greater for less resistive Hall bars. Indeed, in degenerate semiconductors, all dopants are ionized and the mobility is dominated by ionized impurity scattering. This is even more the case in diamond, for which the MIT occurs at a high boron concentration 36 . Thus, as the same mobility is measured on all the metallic samples, it can be assumed that this value is related to a constant impurity concentration which is that of the ionized dopant, and these samples have the same doping level. Moreover, all these delta layers were grown using the same process (see table IV) and the only parameters which were varied were the etchback step duration (affecting directly the thickness of the delta layer). Consequently, assuming a constant doping level of the samples, an increase of the sheet resistance corresponds to a decrease of the delta layer thickness. The inhomogeneities of R S in sample #8 are attributed to a thickness inhomogeneity of the delta layer over the sample surface.
Thickness evaluation from electrical properties
The fabrication of very thin p ++ layers is one of the key issues of boron delta doping.
Consequently, the determination of this thickness is a crucial step for such developments.
SIMS is commonly used as a tool to obtain depth the profile of dopants and to determine the thickness. However, as discussed in the previous chapter, due to ion mixing and low depth resolution, erroneous values of thickness of epilayers and doping level may be deduced from the raw SIMS data 29 , unless the depth resolution function (DRF) has been determined and is computed with the SIMS data 33, 34 . Since this is rarely the case, we chose in this work to investigate only the thick samples by SIMS (except for sample #TdL2 presented in section III). For the thinnest metallic delta-layers, an evaluation of the maximum thickness from sheet carrier density values was developed, as described below.
In order to evaluate reliably the highly p-doped layer thickness, iso-lines corresponding to the measured value of sheet carrier density (iso-p S ) were plotted on a graph showing the boron concentration versus thickness of the p ++ layer (see Fig. 12 ). The iso-p S line at 10 14 cm −2 (lower limit of sheet carrier density at low temperature) of samples #2, #7 and #8 indicates that the thickness of the heavily p ++ layer was equal to 
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or thinner than 2 nm. Thus, we aknowledge that this 2 nm thickness value was determined under the assumption that the boron ionization energy E a decreased following the same trend as for bulk case. Assuming the bulk properties apply to our case, the deduced thicknesses are low, <2 nm for the thinnest, which indicates that this is a good assumption. Indeed, considering N crit(2D) > N crit would lead to lower values of thickness, even lower than one single atomic layer, and so lead to unrealistic values for the sample with the lowest p S . Samples #2, #7 and #8 are the thinnest metallic layers of this work. A structure grown with exactly the same process as samples #7 and #8 exhibited a thickness of 1.3 nm when measured by ellipsometry 32 . Furthermore, the p ++ layers of these two samples were grown under the same conditions as those of the two samples #TdL1 and #TdL2 analyzed by TEM 
where i extends over light holes (lh), heavy holes (hh) and holes of the spin-orbit split band (so). ǫ r = 5.7 is the diamond dielectric constant, ǫ 0 is the vacuum permittivity, p i the number of holes (here equal to the number of acceptors N A as all dopants are ionized in metallic diamond), m * i the density of state effective mass of each type of hole, N I = N A + N D is the density of charged ions, N D the compensation, and y F = 3 1/3 4π 8/3 (ǫ r ǫ r ) 2 p 1/3 /e 2 m * with m * the total density of state mass 36 . Using the representative effective masses of the three valence sub-bands 10 , the corresponding density of state mass values can be calculated and are m * hh = 0.588 m 0 , m * lh = 0.303 m 0 and m * so = 0.394 m 0 , and the total density of state mass in the absence of additional band splitting m * = (m * 3/2 lh + m * 3/2 hh + m * 3/2 so ) 2/3 = 0.908 m 0 . The mobility of the three valence bands can then be calculated. Assuming that E V − E F > 5kT for a degenerate semiconductor, the product of the density of states with the states occupation probability used to calculate the free carrier density can be written as:
Introducing the free carrier density into equation 3, we can find the Fermi level position in the valence band. By introducing this value in the same equation and replacing m * by each m * i , corresponding value of p i can be found. Knowing the mobility and the density for each hole type and making the approximation that the combined Hall factor r H is equal to one, the theoretical Hall mobility can be calculated :
These theoretical mobilities are plotted in Fig. 13 and compared to experimental data from this work and from the literature. Different compensation values were tried to optimally fit the experimental values measured for metallic diamond. As clearly seen in Fig. 13 Even if our calculations cannot fully describe the low mobility value, the dominant, limiting scattering mechanism is most likely associated with ionized impurities. Indeed, if the same 29 boron doping level [B] was achieved in the different samples (grown with the same process), then from equation 2 the same µ ii would be expected for all samples (whatever their thickness) as illustrated in figure 13 . This could explain why a similar mobility value is measured in all samples grown using the same recipe. Nevertheless, the decrease of the layer thickness from 40 nm down to less than 2 nm did not improve nor affect the measured mobility value. The thickness of highly B-doped layer in samples #8 and #7 is rather low (< 2 nm), but the mobility measured was 3 cm 2 /V.s which is typically the same as that measured in a thicker, highly p−doped layer like sample #3 (cf. Fig.9 ). This result shows that the strong Coulomb scattering induced by ionized boron atoms and screened by the free holes (the Fermi screening radius is about 0.3 nm) in the delta-layer limits the mobility of the free holes without any sheet density dependence.
Since a unique doping process has been used during delta layer growth, we expect a unique maximum boron doping level value (volumic density) in the delta profile (around 1×10 21 cm −3 ). In the case of a bulk scattering mechanism by ionized impurities with the same density of impurities for all samples, such unique mobility value is in agreement with the absence of any sheet density dependence. Indeed, if the sheet density variation is only due to the delta layer thickness variation, the doping level and so the ionized impurities remain constant. No enhancement of the mobility by confinement was observed for a delta layer with p s = 10 14 cm −2 corresponding to a maximum thickness of 2 nm.
VI. CONCLUSION
In summary, the present study of the physico-chemical and electronic properties of a series of ten delta-doped diamond structures demonstrated that a nm-scale thickness of the p ++ epilayer can be obtained in a controlled manner using multistep microwave plasma enhanced chemical vapor deposition processes without turning off the plasma. The study confirmed that even in low power reactors, pure hydrogen plasmas etched away the diamond surface at rates which could reach a few 10 nm/hr. More generally, this work illustrated the difficulty in accurately determining thickness values lower than 5 nm without retorting to transmission electron microscopy, but that in the case of metallic samples, reliable thickness values in the nm range could be estimated from sheet carrier densities.
For non mettallic layers, the same measurements for samples prepared in two different reactors revealed a hopping conduction mechanism with an anomalous exponent close to 0.7. Further studies must be undertaken to understand the origin of this phenomenon, as well as that of the low mobility value obtained. For metallic delta layers, temperaturedependent Hall effect and four terminal transport measurements confirmed the nanometric thickness measured by other methods, the full activation of boron impurities, the presence of weak localization; and the absence of any mobility enhancement. A constant mobility value 3.6 ± 0.8 cm 2 /Vs was measured independently of the thickness or substrate type. Within the usual approximations such as that of a parabolic valence band, the bulk mobility which we calculated taking into account quantitatively the scattering by ionized impurities was a 31 factor four higher than the experimental mobility value.
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